The "immortal strand" hypothesis was proposed by John Cairns as a strategy for stem cells to avoid retaining mutations introduced during DNA replication (Cairns, 1975) . The hypothesis holds that when stem cells undergo asymmetric cell division, one daughter (the self-renewing stem cell) selectively retains the older template DNA strand from each chromosome. Recent successes in detecting nonrandom sister chromatid segregation in various types of stem cells have rekindled interest in the hypothesis. Another conceptually related situation involves cell typespecific selective segregation of chromosome 7 sister chromatids in certain mouse cells, which requires a dynein motor (Armakolas and Klar, 2007) . However, the occurrence of nonrandom sister chromatid segregation and its purpose are still under debate, as discussed in a pair of recent Essays in Cell (Lansdorp, 2007; Rando, 2007) . In this debate, both sides concede that some new cell biology would have to be invoked to provide a mechanistic basis for the proposed segregation. In this Correspondence, we suggest that recent advances in unrelated research areas provide a simple framework of documented phenomena that could, if suitably combined, systematically cause nonrandom sister chromatid segregation during mitosis.
Sister chromatid segregation by the mitotic spindle involves the "search and capture" of kinetochores by microtubules emanating from the two spindle poles. For nonrandom sister chromatid segregation to occur, distinct (nonequivalent) spindle poles would have to preferentially connect (presumably via kinetochore microtubules) with nonequivalent sister centromeres.
The direction in which a replication fork moves over a stretch of DNA differentiates the sister chromatids over that stretch because one sister is replicated by the leading-strand apparatus, and the other by the lagging-strand apparatus ( Figure 1A ). Lagging-strand synthesis involves multiple PCNA molecules (one for each Okazaki fragment), multiple RNA primers, and multiple RNase and ligation steps. After the ligation steps, PCNA rings have been proposed to remain on the double-stranded DNA until they are actively removed by the RF-C complex (Bylund and Burgers, 2005; Shibahara and Stillman, 1999) . Moreover, recent findings indicate that PCNA can bind to numerous factors and recruit them to chromatin (Moldovan et al., 2007) , making it plausible to speculate that the sister stretch produced by lagging-strand synthesis would attract specific epigenetic marks that could then persist until mitosis. Indeed, the epigenetic imprint in the fission yeast Schizosaccharomyces pombe that distinguishes two chromatids during mating type switching is related to laggingstrand DNA synthesis (Dalgaard and Klar, 1999) .
If the direction of fork movement is essentially constant across the centromere, then sister centromeres could acquire epigenetic differences that make them segregate asymmetrically during mitosis. Because centromeres are large (thousands of kilobases), they must be replicated using multiple replication origins. Despite this, centromere replication could be heavily biased toward one direction of fork movement ( Figure 1B) . First, the distribution of replication origins and fork-blocking terminators could be nonrandom, with terminators occurring close to and on one side of the origins so that forks moving in one direction travel much farther than those traveling in the other direction from the origin. Second, forks moving in different directions could travel at different rates so that a large fraction of the centromere sequence is replicated by forks moving in a specific direction. A close examination of timeof-replication profiles from different stretches of yeast and human chromosomes indicates that there are occasional origins with different rates of fork progression on either side of the origin (Karnani et al., 2007; Raghuraman et al., 2001 ). Third, centromeres may contain a high density of unidirectional replication terminators. Termination signals that allow fork movement in one direction but not the other have been found in bacteria (Bussiere and Bastia, 1999) and in the ribosomal DNA (rDNA) locus of some eukaryotes (reviewed in Rothstein et al., 2000) . Clearly, these strategies could also be used in combination to bias the directionality of centromere replication. The signals causing slowed fork progression or termination could be sequence based, with either the DNA structure or specific binding proteins influencing fork progression. They could also be dynamic, like the transcription of genes or noncoding RNAs that make it difficult for a replication fork to pass through while transcription is in progress.
In contrast to centromeres, the existence of nonequivalent spindle poles has been well documented in several fungal and animal cells. Replication of spindle pole bodies (fungi) and centrioles (in animal centrosomes) occurs in a partially conservative manner, generating "old" and "new" poles (Lange and Gull, 1995; Pereira et al., 2001) . In budding yeast, the old pole preferentially recruits a cytoplasmic protein, Kar9p, that then moves out along microtubules from that pole through the action of a kinesin family motor (Maekawa et al., 2003) . Near the cortex, Kar9p binds to a myosin that moves the microtubule tip along buddirected actin fibers, thereby delivering the microtubule and its attached old pole into the bud (Hwang et al., 2003) . In some animal stem cells, the old centrosomes are retained in the self-renewing stem cell during asymmetric mitosis (Yamashita et al., 2007) . If this centrosome were to traffic unique factors along kinetochore microtubules to the spindle midzone, then the asymmetric spindle would be poised to interact with asymmetric sister kinetochores.
We envisage that the old spindle pole recruits a cytoplasmic kinetochore detachment factor (blue cannon, Figure  1C , left panel) that is shipped out along The Immortal Strand Hypothesis: How Could It Work? microtubules from the minus ends at the centrosome toward the plus ends at kinetochores by a plus-end-directed kinesin motor. Upon reaching the kinetochore, this factor would trigger detachment of the kinetochore microtubule ( Figure 1C , middle), unless it was antagonized by some protective factor already present at that kinetochore ( Figure 1C, right) . Sister centromeres, replicated unidirectionally during S phase, would generate asymmetric kinetochores such that the lagging strand-replicated centromere (blue dot) loads the protective factor. Thus, kinetochore microtubules linking the old pole to lagging strand-replicated centromeres would be stably attached ( Figure 1C, right) , whereas those linking the old pole to leading strand-replicated centromeres would not ( Figure 1C, middle) . The result would be a systematic segregation of sister chromatids containing the immortal strand to one spindle pole, which in turn is attached to the cell cortex in a manner that allows the resulting daughter cell to remain in the stem cell niche, promoting self-renewal.
An attractive candidate for a factor that moves specifically from one spindle pole to affect sister kinetochore behavior is an Aurora-family kinase (or an Aurora regulator). At kinetochores, Aurora B is known to promote detachment of kinetochore microtubules (Tanaka et al., 2002) . This action of Aurora B is normally regulated by tension between sister kinetochores, which is generated when sister centromeres are pulled toward opposite poles of the spindle (Tanaka et al., 2002 ), but we suggest that additional forms of regulation may occur in stem cells. Aurora A is recruited to spindle poles during mitosis (Ducat and Zheng, 2004) , and Aurora B has been shown to associate with plusend kinesin motors during telophase (Gruneberg et al., 2004) . We speculate that in stem cells, a specific pool of Aurora kinase might traffic from the old spindle pole to kinetochores in prometaphase, resulting in detachment of kinetochores. For the centromeres containing the immortal strand, a protective factor, such as a phosphatase that antagonizes Aurora action, could stabilize kinetochore-microtubule attachments, leading to asymmetric strand segregation.
This specific model can be tested by visualizing the behavior of Aurora kinases and their regulators in stem cells to determine whether or not they concentrate specifically at one of the two spindle poles. The idea that replication direction is biased in centromeres can be tested using techniques such as Fiber-FISH (fluorescence in situ hybridization of extended chromatin fibers). A) The direction of DNA replication can help to distinguish sister chromatids. A fork moving from left to right will replicate the top strand by a lagging-strand mechanism (yellow). Given that PCNA (black rings) is present at the 3′ end of each newly synthesized strand, the top product will have many PCNA rings loaded onto it relative to the bottom product that was replicated by a single leading strand (red). The asymmetric loading of PCNA itself, or the addition of subsequent epigenetic marks dependent on PCNA, could thus distinguish the top lagging-strand product from the bottom leading-strand product. (B) Unidirectional replication of centromeric DNA. Two possible mechanisms are illustrated. DNA replication origins are orange and terminators are blue. (C) Systematic segregation of the older sister chromatid to the old spindle pole. The "old" spindle pole (purple dot) is the centrosome containing older centrioles, and it interacts with the cell cortex in such a manner that the daughter cell inheriting the old pole is the self-renewing stem cell. A kinetochore detachment factor (blue cannon) is recruited specifically to the old pole; from here it is taken to kinetochores by a plus-end kinesin motor (left). A centromere replicated primarily by the lagging-strand apparatus (blue dot) has recruited a factor that protects it from the action of the kinetochore detachment factor. Thus, a sister chromatid pair in which the old pole is attached to the leading-strand centromere (red dot) will be unstable (middle), but one in which the old pole is attached to the laggingstrand centromere (blue) will be stable (right). Given that the replication direction across the centromere is always the same, then the same "immortal strand" will always segregate with the old pole into the self-renewing stem cell.
Sequential labeling with nucleotide derivatives like bromodeoxyuridine and chlorodeoxyuridine followed by two-color immunofluorescence detection of the derivatives yields the direction of movement of a specific fork. FISH with centromere-specific probes would identify specific DNA fragments from centromeres. Applying these two methods on stretched DNA molecules will be sufficient to test whether centromeric DNA is indeed replicated primarily by forks moving in one direction. Our model does not predict whether such biased replication of DNA occurs generally or only in relevant stem cell populations. Finally, immunofluorescence studies on dividing stem cells can test for the persistence of PCNA on centromeric DNA after the completion of S phase. Such studies may also reveal asymmetric association of PCNA on sister centromeres. Of course, if PCNA is replaced rapidly in S phase by an asymmetric epigenetic mark, then the epigenetic mark, and not PCNA, will be seen to persist until mitosis.
